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abstract: Benzoylformate decarboxylase (BFDQ and pyruvate decarboxylase (PDC) are both thiamin 
diphosphate-dependent enzymes* The two share a common three-dimensional structure and catalyze a similar 
chemical reaction, i.e., decarboxylation of 2-keto acids. However, they vary significantly in their substrate 
utilization pattern. In particular, BFDC has extremely limited activity with pyruvate, while PDC has no 
activity with benzoylformate. Here we report our progress, using a semirandom approach, toward converting 
BFDC into an efficient jpyruvate decarboxylase. From the structure of BFDC in complex with .K-mandelate, 
12 residues within a 5 A radius from the inhibitor molecule were selected and subjected individually to site- 
saturation mutagenesis. Each variant was screened for its ability to decarboxylate five different substrates, 
i.e., benzoylformate, 2-ketohexanoate, 2-ketopentanoate, 2-ketobutanoate, and pyruvate. The first round of 
mutagenesis showed that changes in Thxlll and Ala460 resulted in an altered substrate spectrum which 
included higher activity toward pyruvate. Two variants, T377L and A4o"GY, were selected as the starting point 
of a second round of site-saturation mutagenesis. In both cases, the T377t-A460Y double mutant proved to 
be the only new variant with significantly improved catalytic activity toward pyruvate. When compared lo the 
wild-type enzyme, based on ken/Km values, the T377L-A460Y variant showed an 1 1 000-fold improvement in 
the ratio between pyruvate and benzoylformate utilization. This double mutant displays a # m value for 
pyruvate of 2 mM as well as a k^JKm value for pyruvate which is only 70-fold lower than that of Zymomonqs 
mobitis FDC, 



The ability to modify the substrate specificity of enzymes with 
the ultimate aim of designing tailor-made products is an elusive 
goal of protein science. Directed evolution strategies include both 
random and targeted mutagenesis (/). In the presence of struc- 
tural data, rational approaches are generally favored, site-direc- 
ted mutagenesis being both relatively easy and inexpensive, and 
in some cases, this targeted approach has been successful (2, 3), In 
the absence of structural information, random methods have 
been applied also with varying degrees of success (4, 3). In these 
cases, the availability of a selection method is practically a 
requirement due to the large number of variants generated. 

Benzoylformate decarboxylase (BFDC 1 , EC 4.1.1,7) from 
Psiudomonas putida (fyBFDC) is a thiamin diphosphate 
(ThDP)"dcpendent decarboxylase tot catalyze the formation 
of benzaldehyde and carbon dioxide from benzoylformate 
(Scheme 1). It is part of a pathway that allows bacteria to grow 
using (JQ-niandelate as the $ole carbon source (6). PpBFDC has 
been kinetically characterized by steady-state and stopped-flow 
methods combined with site-directed mutagenesis (7, 8). Its 
crystal structure has also been solved, both alone and in complex 
with inhibitors and covalently bound intermediates (7, & 70). 
Pyruvate decarboxylase (PDC, EC 4.1.1.}) from Zymomanas 
mobilis (ZniPDQ catalyzes the conversion of pyruvate to 
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acetaldehyde and carbon dioxide (Scheme 1). It belongs to the 
same family as BFDC and shares with it a common protein fold 
and chemical mechanism (11). Their substrate preferences, how- 
ever, differ widely, and with the exception of the residues involved 
in the binding of ThDP, there is no sequence conservation in the 
active site (12). In particular, BFDC lacks the two contiguous 
histidine residues that are conserved among most ThDP-depen- 
dent decarboxylases, including the various FDCs, as well as 
indokpyruvate decarboxylase (IPDQ, pheoylpyruvate deear* 
boxylase (PPDC), and the branched chain 2-kcto acid decarbox- 
ylase, KdcA. In BFDC, these two histidine residues arc replaced 
by two leucines. However, two histidmes from different loops 
come together to occupy similar spatial positions and, it was 
presumed, to perform roles similar to those of PDC (9). 

As part of our ongoing efforts to evolve the mandelamide/ 
mandelate pathway (ft A?) into a novel lactamide pathway 
(12, J4), we are interested in determining the rules that govern 
substrate specificity in ThDP-dependent decarboxylases. More 
specifically, we want to convert BFDC into a PDC, which would 
involve shifting the substrate preference from binding a phenyl 
group to binding a methyl group. 

Previously, we have shown that BFDC has very limited 
activity with pyruvate, and PDC has no activity with benzoyl- 
formate (12), Initial attempts to exchange specificity in this family 
of enzymes provided mixed results. Site-directed mutations based 
on structural data were able to improve decarboxylation of 
alternative substrates in ZwPDC (72), but attempts to use the 
same approach to improve pyruvate usage in PpBFDC (12) and 
KdcA (JS) were not particularly successful. Random methodo- 
logies such as directed evolution using error-prone PGR and gene 
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Scheme 1: Reaction Catalyzed by Benzoyformate Decarboxy- 
lase (BFDC) and Pyruvate Decarboxylase (PDQ 
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shuffling are common alternatives to rational approaches in 
enzyme engineering (4), Semkandom methodologies have also 
been employed to change substrate specificity. In those instances, 
rational design and directed evolution were integrated by per- 
forming saturation mutagenesis on active site residues identified 
through X-ray crystallography (16. 17) or even molecular mod- 
eling (18, 19), Unfortunately, the large number of variants 
generated in these approaches and the low percentage of variants 
that are potentially useful, makes a selection method almost a 
necessity. Although less efficient than selection, a high through- 
put approach can also be used to screen large numbers of variant 
enzymes, Recently, we developed a microplate assay for BFDC 
activity that permitted identification in crude cell extracts of 
BFDC variants with values ranging over 3 orders of mag- 
nitude (20). In this work, we have applied a semirandom 
methodology to alter the substrate specificity of f/?BFDC toward 
small aliphatic 2-keto acids, A subset of BFDC residues was 
rationally chosen on the basis of X-ray structures and subjected 
to site-saturation mutagenesis* The microplate assay was ex- 
tended to test activity in whole ceil extracts with several 2-keto 
acid substrates, Overall, tin's approach allowed us to generate 
fyBFDC variants with improved binding and catalytic activity 
toward pyruvate. Given that the assay can be used with a variety 
of $ub$tratc$, it has the potential to be used to examine changes in 
substrate specificity in any member of this family of enzymes. 

MATERIALS AND METHODS 

Materials, Oligonucleotides were synthesized by IDT Tech- 
nologies, NADH, HLADH, YADH, and 2-keto acids were 
purchased from Sigma (St. Louis, MO). Dpnl was from New 
England Biolabs, and Pfu polymerase was from Stratagene. • 
DNA sequencing was carried out at the University of Michigan 
DNA sequencing core. 

Generation of a Strain for Screening of Pyruvate Dec- 
arboxylase Activity, The E. coli $train FMJ39, which lacks 
lactate dehydrogenase activity (21), was purchased from the 
E. coli Genetic 'Resource Center at Yale University. Strain 
FMJ39(DE3) was generated using a lysogenesis kit purchased 
from Invitrogen. Both strains were grown at 37 P C in LB media 
supplemented with 30 pg/mL streptomycin and stored at -80 *C 
with 16% v/v glycerol. 

Site-Saturation Mutagenesis, Site-saturation mutagenesis 
was carried out with the QuikChange methodology and degen- 
erate primers using pETBFDC-His as the parental plasmid as 
previously described (20), For double mutants, the pla$mid 
containing the appropriate single mutation was used. The 
purified mixture of plasmids was transformed into electrocom- 
petent MegaX DH10B Tl ccjl$ (Invitrogen) using an Eppendorf 
2510 micropulser, and plated on LB agar supplemented with 
50 0g/mL kanamycin and 30 /jg/mL streptomycin. Colonies 
grown overnight were collected, resuspended in saline solution, 
and subjected to plasmid DNA extraction, This mixed population 
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of mutant plasmids was used for transformation of chemically 
competent £. coli FMJ39(DE3) cells, Individual colonies o> 
tained in this manner were randomly selected and inoculated in 
0.9 rnL cultures of overnight express TB self-inducing media 
(Novagen) in deep-well 96-well plates (Abgene). The inoculates 
were covered with a gas permeable membrane (Abgene) and 
grown for 16-20 h at 37 *C with 300 rpm agitation. Samples 
from the cultures were mixed with glycerol {final concentration 
16% v/v) and stored at -80 °C. The remainder of the FMJ39- 
(DE3) cultures were lysed with the commercial reagent Fas- 
tBreak (Novagen), In the presence of 0.1 units/mL DNase 1 and 
Jysozymc, and incubated for 30 min at room temperature with 
300 rpm shaking. These whole cell lysates were utilized as the 
enzyme source for screening of activity. Each plate consisted of 
cultures from 88 randomly selected colonies and 8 controls. 

Screening for Enzyme Activity, The screening assay is an 
adaptation to the microplate reader format from the coupled 
assay for 2-keto acid decarboxylase activity (22). The mixture 
contained 0.28 mM NADH, I unit/mL of the appropriate 
alcohol dehydrogenase, 1 mM MgS0 4 . 0.5 mM ThDP, and 
the requisite 2-keto acid in 100 mM potassium phosphate buffer 
(pH 6.0) ? in a final volume of 200 /dL The activity of each plate 
of randomly selected colonies was assayed with five substrates: 
1 mM benzoylformate (BF), 10 raM 2-ketohexanoate (2KH), 
10 mM 2-ketopentanoate (2KJP), 10 mM 2-ketobutyrate (2KB), 
and 10 mM pyruvate (Pyr). The reaction mixture was placed in 
an UV transparent 96-well microplate and allowed to equilibrate 
at 30 *C in a Biotek ELxSOS W plate reader. A background run 
of 1 ruin at 340 nm was recorded. The reaction was then $tarted 
with the addition of 20 fih of the lysates, and the decrease in 
absorbancc at 340 nm was recorded for an additional minute. 
Controls included TB overnight express and FMJ39(DE3) cells 
harboring each of the expression vectors pET24a, pETBFDC- 
Hi$ T pETBFDCA460I, and pETBFDCF464L The last two were 
available from a previous study (72). 

Enzyme Purification and Kinetic Characterization. After 
analysis of activity data, selected glycerol stocks were grown in 
5 mL cultures. Their plasmid DNA was extracted and sequenced 
to identify the codon in the randomized position. The BFDC 
gene in the colonies selected for protein expression and purifica- 
tion was sequenced in its entirety to ensure that the only mutation 
was in the desired codon. Following transformation into BL21- 
(DE3)pLysS cells, protein expression and purification was con- 
ducted as previously described (15), Homogeneous fractions were 
pooled, concentrated, and their buffer exchanged for BFDC 
Storage buffer (100 mM potassium phosphate at pH 6,0, 0.5 mM 
ThDP, 1 mM MgS0 4 , and 10% glycerol) before being kept at 
-80 *C. 

The activity assays with the purified enzymes have been 
described elsewhere (22), The assay contained the appropriate 
substrate, NADH, and HLADH (YADH was used when 
pyruvate or 2-ketobutyrate were substrates) in 100 mM potas- 
sium phosphate buffer (pH 6,0) with a fmal volume of 1 mL. The 
reaction was carried out at 30 °C and was initiated by the addition 
of the BFDC variant Kinetic data were fit to the Michaelis- 
Menten equation using SigmaPlot 9.0.1. Radar plots were 
prepared using Excel 2007 (Microsoft). 

Sequence Analysis and Figures. Sequence analysis was 
initially performed using ClnstalW and manually refined incor- 
porating structural information in BioEdit. Figures were gener- 
ated using Swiss-PdbViewer (23) and Pov-Ray (www.povray, 
org). 
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Figure 3 : (A) Residues in the siibstrate binding site ofBFDC identified as candidates for saturation mutagenesis. (B) Structural equivalents of 
these residues in ZmPDQ. Although ThDP has been omitted for clarity, the positions of the enactors are siiperirapofiabte io the two active sites 
The figure was prepared with Swifc-PdbVicwer (httpj//www 1 expasy.otg/stx3bv/) using cooulinates from PDB 1MCZ (BPDC) and 1ZPD 
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"The ?/>BFDC residues mutated in this Study, ind their Counterparts in other BFPCs and PDCs, are in boldface. *P$fi-pu, Ptoidatmmas putlda; P$e_ S t 
Pseudomottas stut:eri\ Pseae. Prndmoim aeru&m&sa\ Braja, &radyrhiwblvm japotiicmi Burma, Burkholierin wlteh Sir_eo, Streptomyces mlicobr] 
Zymjno, Zywomwas mobltir r Aec_pa, Acetobacw pasieurtiwus; Zym_r>a, Zymobwter polmaei Mic ae, Microcystis aeruginosa; Sar_ve, Sareina ventriculi' 
$ta_au, $taphybcoccusaurm]Uycjiv t My^Qb(i^rh{)naviur», 



RESULTS 

Selection of Residues for Mutagenesis. Using the structure 
of BFDC bound to (J?)-mande}ate, a substrate analogue inhibitor 
(PDB code 1MCZ (7))> as a guide, we found 15 residues to be 
located within 5 A of the inhibitor. These included Ser26 and 
His70, which had been examined previously using saturation 
mutagenesis {20), while preliminary attempts at mutation of 
Gly25> a con$erved residue, had resulted in inactive protein 



(Yep, A M unpublished observations). For these reasons, the last 
three residues were not studied in this work. The remaining 32 
residues (Figure 1) were found to have a structural counterpart in 
ZwtPDC (PDB code 1 ZPD (24)) and were considered to be viable 
candidates for mutagenesis. 

To expand the analysis, bacterial FDCs and BFDCs available 
in databases were aligned separately using ClustalW, The two 
alignments were combined using the information from the 
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Trt>te2; Sequences of Primers Used in Saturation Mutagenesis* 
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$ , -GCGAT0ATT0GCGTTGAAGTCNNNCTGACCAACGTC0ATGCC-3 / 

5^GCGATGATTGGCGTTGAAGCTTTAWNACCAaCGTCGATGCCGCG'3' 

5 ; -GGCGCTCCAGTGTTCCGTTACNNNCAATACGACCCAGTC-3' 

5^GCGATrrACCTQAACOAGTCGNNNTCAACGACCGCCCAAATGTGG-3^ 

^CGAGTCGACTTCAAC GNNNG CCCAAATGTGGCAGCGC-3 / 

^CCCTGGTAGCTACTACNNNTGTGCAGCTGGCGGACTG-y 

5 , -CCCTGGTAGCTACTACTTC£^GCAGCTGGCGGACTG-3 / 

y-GCTACTACnCTGTGCAGCTNWGGACTGGGCITCGCCCTGCC-y 

y^GTGCAGCTGGCGGANNNGGCTTCGCCCTGCCTGC-r 

5'^CAACGGCACCTACGGTNNNTTOCGATGGTTTGCCGGCG-3' 

5'^AACGGCACCTACGGTGCGhmNCGATGGTTTGCCGGCGrrC-$' 

5'-CX3GTGCGTTGCGATGGNNNGCX:GGCGTTCTCGAAGC-3' 



"N refers to an equal mixture of A, T, G, and C. 



structural alignment of i^BFDC and ZmPDC coordinates. 
Most of the sequences for these two enzymes available in 
databases correspond to putative enzymes. The Only bacterial 
enzymes with proven 2-keto acid decarboxylase activity are 
PDC from Zymomonas mobilis (25)> Scircina ventricufi (26), and 
Awtobacter patfeurianw (27), and BFDC from Pseucfamanas 
putitk (28) 7 Pseudpmonas aeruginosa (29) 7 and fseudontonm 
stutwi (30). This constraint clusters most of the enzymes of this 
class in a narrow subset of bacteria, the proteobacteria. Table 1 
shows a representative subset of tee sequences. Of the residues 
studied, seven were conserved among the BFDCs, Only Gly401 is 
conserved between PpBFDC and ZmPDC but, whereas it seems 
well conserved among BFDCs, it is not in PDC sequences. By 
contrast, Gly389 is fully conserved in the PDCs, presumably to 
accommodate a bulky aromatic substituent (Trp in ZtnPDC) at 
position 392. Given the lack of consensus and in keeping with the 
less targeted approach, it was decided that all 32 residues should 
be subjected to mutagenesis. 

Site-Saturation Mutagenesis and Screening. Randomiza- 
tion of the chosen positions was carried out as described in the 
Materials and Methods section, using QujkChange PCR with 
degenerate primers. The site-saturation mutagenesis protocol 
and the library quality were validated in a previous study (20). 
Initially, BL2 1(DE3) cells were chosen as the expression strain for 
the screening assay. However when whole cell extraets of 
BL2((DE3) cells were as$ayed in the presence of NADH and 
Pyr, there was sufficient NADH consumption to cause an 
extremely elevated background, as measured by the decrease in 
absorbance at 340 nm in the absence of added enzyme. To 
overcome this, the strain FMJ39(DE3), which lacks lactate 
dehydrogenase activity (21), was used. With this strain, the 
background was significantly reduced and was comparable for 
all substrates utilized. 

In the initial round of site-saturation mutagenesis, the 12 
libraries corresponding to individual positions were screened in 
96*" well plaies. Details of the primers used in library construction 
are provided in Table 2. At first, we attempted to assay with only 
BF and Pyr, but the activity with the latter was too close to the 
detection limit of the screening assay, and variants with improved 
activity could easily be overlooked. Our previous report had 
shown that a single mutation could improve BFDC activity 
toward branched-chain and long chain aliphatic 2-keto acids (12), 
It was thought that variants with improved activity toward Pyr 
might also have a better activity toward larger aliphatic 2-keto 
acids, such as 2KB, 2KP, and 2KH; therefore, these three 
substrates were also added to the screening. 



From the results of the first round, it became clear that the 
substitutions affected some positions more than others. Tbts is 
exemplified by Figure 2, which shows plots for the activity of 
individual colonies for three libraries, i.e., one plate per library 
with BF as a substrate. It is clear that most substitutions in 
position 464 do not dramatically alter the activity toward BF, 
whereas substitution of Gly401 generate? enzymes with gxeatJy 
reduced activity, However, position Ala460 seems to be some- 
where in the middle, where Some substitutions generate inactive 
variants but many generate alternatives with varying degrees of 
activity toward the natural substrate of BFDC. 

As a way of simplifying the analysis, the activity data for the 
five substrates were plotted in radar graphs. Activity data from 
8 colonies (one column of wells in a 9$-well plate) were plotted 
in each radar graph, a total of 1 1 graphs per plate. For easy 
comparison, the activity data from the control wild-type (wt) 
colony from that plate were included in each plot. Figure 3 shows 
a typical radar plot in which most colonies keep the same 
substrate usage pattern as that containing the wt BFDC, albeit 
with different levels of activity. However, colony D12 exhibits a 
distinctively different pattern and wa$ $eleeted for further ana- 
lysis. Radar plots allowed us to simultaneously assess the overall 
activity of a mutant (distance to the center) and the Substrate 
utilization pattern (shape of the plot). The typical patterns found 
were (a) similar to wt In shape and level of activity, (b) similar to 
wt in shape with lower levels of activity, (c) different from wt in 
shape but with very low levels of activity, and (d) different from 
wt tn shape and with significant activity. Radar plots coupled 
with simple activity bar graphs like the ones shown in Figure 2 
were used to identify colonies showing evidence of both changes 
in the substrate usage pattern and an improvement in the use of 
Pyr, or more generally, toward aliphatic 2-keto acids as sub- 
strates. 

Of the 12 positions randomized in the first round, 10 did not 
contribute colonies with improved activity toward Pyr or other 
aliphatic 2-keto acids. The remaining tWO ; however, showed 
significantly higher activity than wt activity toward Pyr for some 
colonies. For example, when library A460X was assayed, several 
colonies showed radar plots that significantly departed from the 
shape of the wt plot, while maintaming considerable overall 
decarboxylase activity. Sequencing of the plasmid DNA isolated 
from these colonies showed that Ala460 had been replaced by one 
of leucine, phenylalanine, or tyrosine* While different to that of 
the wt enzyme, the radar plots of the A460L, A460F, and A460Y 
variants were similar, and each still showed evidence of signifi- 
cant decarboxylase activity. This is highlighted in Figures 4A and 
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Figure 2; Activity plots of 88 colonies obtained from a library of rite 
saturation mutants of (A) Phe464, (B) Gly40J, and (C) Ata460 as 
described in Materials and Methods. The activity of whole cell 
extracts was measured with 1 mM tenzoylformate. In each case, 
the first 8 bar comprise the following controls: FMJ39(DE3) contain- 
ing P ET24d (black), WT BFDC (blue), BFDC A4S0X (green), and 
EFDC (orange), 

B, which show radar plots obtained with crude extracts from 
wt and A460Y colonies, respectively. Overall, this substitution 
appears to lower the activity of the enzyme toward the natural 
substrate BF and increase the activity toward the aliphatic 
substrates. 

Conversely, the radar plots obtained from colonies produced 
with the T377X library were not so readily interpreted. When the 
bar graphs of the colonies were analyzed, several colonies showed 
an increase in activity toward Pyr while still maintaining high 
activity toward BF. Surprisingly, this was accompanied by 
significantly decreased activity toward larger aliphatic 2-keto 
adds (2KH, 2KF> and 2KB). Sequencing showed that these 
colonies contained the BFDC T377L mutation, and a typical 
radar plot for this variant is provided in Figure 4C. 

For a second round of site saturation mutagenesis, A460 Y and 
T377L were employed as the parental plasinids. Again, the 
primers shown in Table 1 were used, with the exception of 
O401X and L403X. The initial screening showed that mutations 
h Gly401 {Figure 2) and Leu403 (data not shown) resulted in 
enzyme variant? with low levels of activity. The reduced activity 
observed with variants of Leu4Q3 i$ not $urpri$ing a$ it is the 
bulky hydrophobic amino acid that helps keep the cofactor in 
the V conformation necessary for the activity of BFDC and 
other ThDP-dependent enzymes (31). The controls included the 
parental strain in each case, and although radar plots were 
analyzed, in this round, the search was primarily focused on 
variants thai afforded unproved decarboxylation of Pyr. For* 
tunately, the activity data acquired in the second round of 
mutagenesis were more consistent than data obtained m the 
initial round because the starting activity toward Pyr of the 
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Figure 3: Radar plots depicting activity data collected using the 
screening assay. The axes represent activity of whole cell extracts 
expressed in mAU/min. The scale is identical for each plot and ranges 
from 0 to 1 000 mAU/min. The activity data from each plate with each 
of the five substrates analyzed were separated in groups of 8 colonies, 
and each £roup was plotted in a separate radar plot together with the 
wt control from the same plate (black). This allowed for the rapid 
visual identification of colonics with a different pattern of substrate 
utilization. 
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Figure 4: Radar plots showing the activity of single colonies in the 
screening assay. The axes represent tfce activity of whole cell extracts 
in mAU/min and are all in the same scale from 0 to 1200 mAU/min 
(A) wt BFDC- (8) A460Y; (C) T377L; (D) T377IM46QY- 

parental strains was well above that of the background. As it 
happened, the only variant that significantly improved Pyr 
decarboxylation was the double mutant T377L-A460Y, and 
comfortingly, this variant was identified independently from 
both parental plasmids. Other mutants were found with changed 
patterns of substrate utilization as assessed in the radar plots, but 
none of them had improved activity toward Pyr; therefore, they 
were not selected for further examination at this time. The radar 
plot from a colony with the T377I^A460Y mutations is shown in 
Figure 4D. 

Characterization of BFPC Variants, Pl&smids carrying 
the mutations A460Y, T377L, and T377L-A460Y were trans- 
formed into BL21(DE3)pLysS cells and 2 L cultures were grown. 
The mutant enzymes were purified to apparent homogeneity as 
assessed by SDS-PAGE and their steady-state kinetics char- 
acterized using the enzyme assay de-scribed under Materials and 
Methods. The results are summarized in Table 3. The aliphatic 
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Table 3: Sieady-Staic Kinetic Characterization of BFDC Variants Showing Improved RDC Activity.*'* 



BFDC variant 


parameter 


BF 


2KH 


2KP 


2KB 


Pyr 






320*5 


5.3*0.3 


Usfcl 


4*1 




wt 


(mM) 




4.1*0.1 


6-0*0.5 


7.5*0,6 












ISO) 


0.5(1) 


0.012(1) 






1,7 ±0.3 


4.4 * 0.2 


6.2*0.2 


6.0 * 0-4 


1.4 * 0.2 


A460Y 




0-04*0.01 


0.2S*0.05 


0,28 ±0.03 


1.3*0.2 


21*1 






43 (0.036) 


16(12) 


22(12) 


4.6 (*) 


0,065(5) 






110*5 


1,1*0.1 


3.3*0-1 


7,5*0.3 


2.0*0.2 


T377L 




0.45*0,05 


1,3*0.3 


1.1*0-1 


4.3*0.4 


4.8 ± 0.2 






244(0.2) 


0.86(0.6) 


3 0.6) 


1.7(3) 


0-42(35) 






25*2 


1.2*0.1 


0.81*0,05 


5.8*0.2 


3.6*0.3 


T377L-A4G0Y 






0.15 ±0.02 


0.10*0.01 


0,42*0.02 


2.0*0.1 






16(0,013) 


8(6) 


8.1 (4.5) 


14(28) 


1.8 (150) 



* In parentheses is the -fold increase over wt BFDC for tack substrate. ft Values are mean of 3 independent determinatipn? * $& 
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FiGUJui 5: Initial velocity as a function of Pyr concentration for 
BFDC variants. The dotted line marks the i*yr concentration used 
in the screening assay, Assays were carried out at 30 °C in 100 mM 
poiasium phosphate buffer at pH 60- 

substrates, 2KH, 2KP, and 2KB, are turned over with similar 
efficiency, albeit ea. 3 orders or magnitude lower than that for 
BF. As reported previously, wt BFDC was found to decarbox- 
ylase Pyr (12\ but it could not be saturated with this substrate 
(Figure 5). Consequently, it was necessary to study the activity 
with Pyr under V/K conditions* and it was found that the k#Jk n 
value for Pyr was nearly 5 orders of magnitude lower than that of 
the BF (Table 3). Although the mutants all show a decrease in 
their ability to decarboxylate BF> they still show sufficient activity 
to allow easy kinetic analysis. By some measures, A460Y shows 
the greatest changes with both the largest (—200-fold) decrease in 
k m value and the only observed decrease in K tt value for 
beitfflyiformate. The variants all show an increase in binding 
affinity for aliphatic substrates. The greatest improvement in 
catalytic efficiency is provided by the double mutant, which 
shows a 1 50-fold increase in k M JK m for pyruvate. This improve- 
ment is clearly illustrated in Figure 5, which shows the depen- 
dence of the reaction rate on Pyr concentration. The wt enzyme 
shows a linear increase in rate for Pyr concentrations a$ high as 
100 mM. By contrast, the three variants identified in this work 
show Michaelis-Menten kinetics and reach saturation well 
under 100 mM Pyr. 

The radar plots In Figure 6 illustrate the pattern of substrate 
utilization of purified wt BFDC and mutants, In this case, the 






T377L A4SOY-T377L 

Figure 6: Radar plots showing different patterns of substrate utili- 
zation for purified BFDC variants- The axes represent k&\lK-M 
(mM~ } s" 1 ) and are all hi the same logarithmic scale (0.01 to I0000) f 
with gridlines signaling increments of 1 order of magnitude. 

axes represent the kcJK^ value, but unlike the plots in Figures 3 
and 4, a logarithmic scale was employed, While it is clear that wt 
BFDC has its maximum efficiency toward BF> the k a JK m values 
of the mutants appear much more evenly distributed between the 
different substrates. The almost pentagonal shape of the graph 
corresponding to variant A460Y-T377 conveys the fact that this 
mutant uses all substrates with comparable efficiency. 

DISCUSSION 

Homologous enzymes, often grouped together in superfami- 
lies, generally use the same protein scaffold and a chemical 
mechanism that employs the same elementary chemical step ($2), 
As such, swapping of activities between supeifamily members 
presents a test case for engmeering of active sites (33), Recent 
reviews have documented many examples to show that new acti- 
vities arc readily accessible, often through a single mutation 
(33 1 34). Then again, this is not always true, as divergent evolution 
can bring about the insertion and deletion of residues (35) that 
necessitates a more aggressive approach to mutagenesis (36), 

Structural (H) and evolutionary (37) analysis suggest that the 
ThDP-dependent family of enzymes has evolved from a single 



